INTRODUCTION
============

Cystic fibrosis transmembrane conductance regulator (CFTR) is an agonist-regulated anion channel expressed at the apical membranes of epithelial cells. CFTR-dependent anion secretion establishes the driving forces for salt and water secretion to clear the apical surface of secreted macromolecules, for example, airway mucins and pancreatic enzymes. The enabling step in CFTR channel activation involves phosphorylation of the regulatory region (R region), an intrinsically disordered region mediating protein interactions that receives regulatory input from protein kinase A (PKA), protein kinase C (PKC), and AMP-activated protein kinase (AMPK). It contains nine PKA consensus phosphorylation motifs ([@B15]). Phosphorylation at multiple sites in the R region is believed to evoke a change in CFTR conformation that permits the nucleotide-binding domains (NBD1 and 2) to associate, an interaction that forms sites for the binding and hydrolysis of ATP to drive channel gating (opening and closing) activity ([@B61]).

A central issue in cystic fibrosis (CF) disease is the low efficiency with which the common CFTR variant ΔF508 achieves the native, folded state that permits its exit from the endoplasmic reticulum (ER) and its trafficking to, and stability at, the apical membrane of epithelial cells ([@B9]; [@B43]). Many therapeutic approaches to the basic defect in CF are directed toward improving CFTR folding and/or interfering with its ER-associated degradation. Either of these strategies may benefit from conditions that increase the amount of CFTR in the biosynthetic pipeline ([@B19]).

In addition to the control of channel gating, increases in cellular cAMP have been shown to augment CFTR biogenesis by interacting with a cAMP response element (CRE) identified 48 nucleotides upstream of the start site for gene transcription ([@B32]). The interaction of this regulatory region with CRE-binding protein and transcription factors has been demonstrated, making CFTR transcription a cAMP- and stimulation-responsive process ([@B31]).

At the posttranscriptional level, a number of studies implicated protein phosphorylation and interactions with 14-3-3 proteins in the processing and stability of channels and receptors ([@B39]). Although the 14-3-3 protein family was first identified in 1967 ([@B38]), we now appreciate that these regulatory proteins generally interact with phosphorylated motifs that surround phosphoserine or phosphothreonine residues to control a diverse array of cellular functions ([@B67]). As such, they often stabilize a protein\'s phosphorylated state ([@B23]). 14-3-3 proteins promote the plasma membrane expression of integral membrane proteins such as the nicotinic acetylcholine and γ -aminobutyric acid receptors ([@B68]; [@B20]), potassium channels (TASK-1, TASK-3, and KCNK3; [@B47]), and the epithelial Na^+^ channel, ENaC ([@B30], [@B29]).

In the present study, the levels of CFTR in cells expressing the gene from an exogenous promoter were found to be augmented by stimulation of the cAMP/PKA pathway. The mechanism of this posttranslational regulation of CFTR expression was linked to the selective interaction of the channel with specific 14-3-3 protein isoforms at known PKA phosphorylation sites within the R region. The effect of this pathway was demonstrated in 14-3-3 protein knockdown experiments in which steady-state expression of CFTR was markedly reduced. Thus, in addition to stimulation-dependent transcriptional regulation of CFTR expression, these posttranslational regulatory events also increase CFTR biogenesis during stimulation. Their manipulation is expected to augment the pool of CFTR available for therapeutic interventions.

RESULTS
=======

PKA stimulation increases CFTR expression level
-----------------------------------------------

The effect of cAMP/PKA stimulation on steady-state CFTR expression was examined initially by immunoblot (IB) using human embryonic kidney (HEK) 293 cells transiently transfected with CFTR and treated overnight with forskolin (FSK). Forskolin stimulation increased CFTR expression in a dose-related manner, and addition of the PKA inhibitor H-89 decreased CFTR levels ([Figure 1A](#F1){ref-type="fig"}). The forskolin result was not due to stimulation of CFTR\'s promoter, since expression from the plasmid is driven by the cytomegalovirus promoter. In addition, this effect on expression was not observed for other proteins expressed transiently from the same vector, including green fluorescent protein (GFP) and a truncated version of CD4 (Supplemental Figure S1). At the highest dose of H-89, CFTR expression fell below the control level (−/−), suggesting that endogenous kinase activity might play a role in CFTR expression under basal conditions.

![CFTR expression is increased by cAMP/PKA stimulation. (A) HEK293 cells transiently transfected with CFTR were treated for 16 h with forskolin, with or without the PKA inhibitor H-89, at the indicated concentrations and processed for immunoblot to assess the effect of stimulation on steady-state CFTR expression levels. (B) Time course of the increase in CFTR expression during forskolin (20 μM) stimulation. (C) Quantitation of immature (band B) and mature (band C) CFTR expression from all experiments like that shown in B (n = 3). \*p \< 0.05; \*\*p \< 0.01.](996fig1){#F1}

We also used immunoblot analyses to examine the expression of CFTR as a function of time during the stimulation of HEK293 cells by FSK (20 μM). As shown in [Figure 1B](#F1){ref-type="fig"}, the adenylyl cyclase activator increased the expression of both mature and immature CFTR. The time course of CFTR levels from all experiments was quantified, normalized to β-actin expression, and is shown in [Figure 1C](#F1){ref-type="fig"}. Increased CFTR, observed at early stimulation times, was also consistent with a nontranscriptional regulatory process, and similar experiments performed in the presence of actinomycin D supported this conclusion (unpublished data). Although CFTR expression is regulated in part by upstream cAMP response elements ([@B32]), the present data are consistent with stimulation-related control of CFTR expression at the posttranslational level. Our prior studies indicated that phosphorylation-dependent 14-3-3 protein interactions increase the stability of the epithelial Na channel in response to Nedd4-2 and AS160 phosphorylation ([@B29], [@B28]). This and work on K channel biogenesis (reviewed later) led us to the hypothesis that 14-3-3 proteins participate in the phosphorylation-dependent control of CFTR expression level.

Expression of 14-3-3 isoforms in HEK293 and airway cells
--------------------------------------------------------

It is increasingly apparent that the seven identified isoforms of 14-3-3 proteins frequently show selectivity of function and cell type expression pattern ([@B13]). Therefore we used reverse transcriptase (RT)-PCR and IB to examine 14-3-3 isoform expression in HEK293 cells, in the Calu-3 airway cell line, and in differentiated primary cultures of human bronchial epithelia (HBE). cDNA from these cells was used with isoform-specific primers to perform semiquantitative PCR, as previously discussed ([@B30]). In HEK293 and Calu-3 cells, significant PCR products of appropriate size and sequence corresponded to the 14-3-3 isoforms β, γ, and ε, whereas other isoforms were weak or absent (Supplemental Figure S2). Of importance, primary HBE cultures produced similar findings ([Figure 2A](#F2){ref-type="fig"}). The lack of signal or the weak signals observed for some isoforms was not due to issues of primer adequacy or PCR conditions, as adequate signals were obtained in positive control lines (unpublished data). For protein detection, cell lysates were obtained from HEK293, Calu-3 cells, and HBE primaries, resolved by SDS--PAGE, and probed for 14-3-3β, γ, and ε using isoform-specific antibodies ([Figure 2B](#F2){ref-type="fig"}). Similar to the PCR data, the IB results indicate that 14-3-3β, γ, and ε were abundantly expressed in airway and HEK293 cells at the protein level.

![The 14-3-3 isoforms β, γ, and ε are expressed in HEK293 and airway cells. (A) The expression of 14-3-3 protein isoforms was determined by RT-PCR using cDNA from differentiated, polarized, primary cultures of HBE. Similar patterns of isoform expression were obtained from HEK293 and Calu-3 cells (Supplemental Figure S1, A and B). Products of the appropriate size and sequence for 14-3-3β, γ, and ε were obtained. (B) Immunoblots performed using isoform-specific antibodies and cell lysates from HEK293 or Calu-3 cell lines or HBE primary cultures showed a similar expression pattern at the protein level. The PCR and IB data are representative of the results from three experiments.](996fig2){#F2}

Phosphorylation augments the interaction of CFTR with 14-3-3β
-------------------------------------------------------------

To determine whether interactions between 14-3-3 proteins and CFTR could be detected in vivo, we performed coimmunoprecipitation (coIP) experiments using lysates from the Calu-3 cell line. The initial precipitation was performed with antibodies against CFTR, and the immunoprecipitates were then blotted with antibodies specific for 14-3-3β, γ, or ε. Physical interactions of 14-3-3β, γ, and ε with CFTR were detected in Calu-3 cells as shown in [Figure 3A](#F3){ref-type="fig"}. The absence of signal in HEK293 cells not expressing CFTR confirms the specificity of these antibodies.

![CFTR interacts with 14-3-3β, γ, and ε. (A) In vivo CFTR-14-3-3 isoform interactions were evaluated in coIP experiments using lysates from Calu-3 or HEK293 cells. IPs were performed using antibodies to CFTR (M3A7) or the HA epitope as control. HEK293 cells were *not* transfected with CFTR cDNA. (B) Forskolin stimulation (15 min) increased the interaction of 14-3-3β with CFTR. CFTR-transfected HEK293 cells; CFTR IP followed by 14-3-3β IB. Immunoglobulin G against the HA epitope served as IP control. (C) Reverse IP/IB protocol performed using the same cells and conditions; 14-3-3β was associated with both immature (band B) and mature (band C) CFTR, and their interaction was increased significantly by forskolin stimulation.](996fig3){#F3}

The dependence of 14-3-3 binding on CFTR phosphorylation was examined in similar coIP experiments performed with HEK293 cells transiently expressing CFTR and stimulated with 10 μM forskolin for 15 min. The results show that the interaction between 14-3-3β and CFTR increased approximately twofold in response to cAMP/PKA stimulation ([Figure 3B](#F3){ref-type="fig"}). Using a reverse IP/IB protocol and CFTR-transfected HEK293 cells, we found that 14-3-3β brought down both the mature (band C) and immature (band B) forms of CFTR. The IP of 14-3-3β was similar in the presence and absence of forskolin, but its interaction with CFTR was increased significantly, approximately twofold, by forskolin treatment ([Figure 3C](#F3){ref-type="fig"}). These augmented interactions were observed with endogenous 14-3-3β and only 15 min of forskolin treatment and are therefore not due to increased CFTR expression.

14-3-3β and ε selectively increase CFTR expression in response to forskolin
---------------------------------------------------------------------------

The significance of 14-3-3 proteins in the regulation of CFTR expression by cAMP/PKA was evaluated by overexpressing the airway-specific isoforms 14-3-3β, γ, and ε with CFTR in HEK293 cells. As shown in [Figure 4A](#F4){ref-type="fig"}, coexpression of 14-3-3β and ε increased the steady-state levels of mature and immature wild-type (WT) CFTR (bands C and B), as well as the immature form of the common CFTR variant ΔF508 ([Figure 4A](#F4){ref-type="fig"}). A significant effect of 14-3-3γ on CFTR expression level was not observed. Quantification of these data are presented in [Figure 4B](#F4){ref-type="fig"}, which demonstrates specificity among the expressed isoforms in their ability to posttranslationally augment the expression of CFTR, which again was approximately twofold. Cell surface biotinylation was used to determine whether the augmented steady-state CFTR in response to 14-3-3 overexpression translated into increased plasma membrane CFTR. Biotinylated proteins were isolated by streptavidin pulldown, as described in *Materials and Methods*. As shown in [Figure 4C](#F4){ref-type="fig"}, 14-3-3β expression increased cell surface CFTR, which averaged twofold and corresponded to a 1.6-fold increase in cell lysate CFTR expression (n = 3).

![CFTR interactions with 14-3-3 proteins are selective and increased by cAMP/PKA stimulation. (A) 14-3-3 isoforms (as indicated) were coexpressed with WT or ΔF508 CFTR in HEK293 cells, followed by CFTR IB. Expression of 14-3-3β or ε increased immature and mature WT CFTR and immature ΔF508 but expression of 14-3-3γ did not. (B) Quantitation of the effect of 14-3-3 isoform expression on WT CFTR B and C bands relative to that observed in the absence of 14-3-3 coexpression; data from three experiments as in A. \*\*p \< 0.01. (C) 14-3-3β coexpression increases cell surface CFTR, as determined by biotinylation and streptavidin pulldown. The data are typical of three experiments. (D) Stimulation-induced interactions of CFTR with 14-3-3 isoforms. HEK293 cells transiently expressing CFTR; CFTR IP followed by 14-3-3 isoform-specific IB under basal or stimulated (forskolin, 10 μM, 15 min) conditions. Values to the right provide the relative increase in 14-3-3 interaction with stimulation from three experiments. CFTR interactions with 14-3-3β and ε were selectively increased by stimulation.](996fig4){#F4}

Next we examined the interaction of the three predominant 14-3-3 isoforms with CFTR in IP/IB experiments performed by using lysates from HEK293 cells. Protein complexes were isolated from cells under basal conditions or after 15 min of forskolin stimulation. As illustrated in [Figure 4D](#F4){ref-type="fig"}, IPs performed with anti-hemagglutinin (HA) immunoglobulin G (IgG) as control yielded no 14-3-3 signal. Under basal conditions, CFTR interacted with the 14-3-3β, γ, and ε isoforms, consistent with the data of [Figure 3A](#F3){ref-type="fig"}. Relative to nonstimulated conditions, forskolin increased CFTR interaction with 14-3-3β and 14-3-3ε by 2.3- and 3.1-fold, respectively ([Figure 4D](#F4){ref-type="fig"}), whereas its interaction with the 14-3-3γ isoform was not affected by stimulation. Together with the data of [Figure 4A](#F4){ref-type="fig"}, these findings indicate that the increases in total and plasma membrane CFTR expression level evoked by cAMP/PKA stimulation or 14-3-3 overexpression involve selective interactions with 14-3-3β and ε.

The fate of newly synthesized CFTR is modulated by 14-3-3 protein interactions
------------------------------------------------------------------------------

The effect of 14-3-3 proteins on the fate of nascent CFTR was examined using pulse-chase experiments performed in HEK293 cells coexpressing 14-3-3β and either WT or ΔF508 CFTR. We examined the synthesis of CFTR during the 30-min pulse interval, the turnover rate of the immature (band B) forms, and the efficiency of conversion of the immature to the mature form (band C). Representative autoradiographs are shown in [Figure 5A](#F5){ref-type="fig"}; quantification of all experiments is provided in [Figure 5, B](#F5){ref-type="fig"} and [C](#F5){ref-type="fig"}, for WT and mutant CFTR, respectively. As illustrated in [Figure 5A](#F5){ref-type="fig"}, 14-3-3β coexpression significantly increased the formation of the immature forms of both WT and mutant CFTR during the 30-min pulse. In addition, 14-3-3β slowed the rate at which immature CFTR disappeared during the chase. Both of these effects may be explained by reduced CFTR degradation, which is known to occur early, as cotranslational ubiquitylation has been detected ([@B50]). Nevertheless, an increase in CFTR folding efficiency may also contribute to the increase in CFTR biosynthetic rate, at least for WT CFTR, and this possibility is consistent with the improved efficiency of conversion of immature to mature protein observed at 2 h of chase (48% control vs. 70% 14-3-3β, p \< 0.005). Despite these actions of expressed 14-3-3β on WT CFTR, significant maturation of ΔF508 CFTR was not apparent. Taken together, these data indicate that a substantial contribution to the effect of 14-3-3 proteins on steady-state CFTR levels results from their ability to reduce CFTR degradation and enhance the biogenesis of the nascent protein. Whether the 14-3-3s also affect the turnover of post-Golgi CFTR, as suggested by their interaction with the mature protein, requires additional study.

![14-3-3β expression enhances nascent CFTR biogenesis. (A) Pulse-chase experiments were performed using HEK293 cells transiently expressing WT or ΔF508 CFTR and 14-3-3β or empty vector (control) were radiolabeled with \[^35^S\]methionine--cysteine mix (PerkinElmer) for 30 min and then chased at the indicated times before lysis with RIPA buffer and IP with anti-CFTR antibodies 596 and 217. The positions of bands B and C are indicated by arrows. (B) Rate of turnover of the immature form of CFTR (band B) shown as the natural logarithm of the amount of band B at a given time of the chase (A) relative to the amount at the beginning of the chase (A~0~). (C) Efficiency of conversion of immature (band B) to mature (band C) CFTR, shown as the percentage of band C detected at a given time of the chase (A) relative to the amount at the beginning of the chase (A~0~). In B and C, data are mean ± SEM (n = 3), and lines are the fit of first-order regression to the data.](996fig5){#F5}

14-3-3β knockdown decreases CFTR expression and function
--------------------------------------------------------

We used 14-3-3β--targeted small interfering RNAs (siRNAs) to knock down this 14-3-3 isoform in HEK293 cells transfected with or without CFTR and compared the results with those obtained with a control, scrambled siRNA. The RNA interference--induced reduction in 14-3-3β expression was ∼90%, whereas the control siRNA did not affect 14-3-3β expression ([Figure 6A](#F6){ref-type="fig"}). The corresponding expression level of CFTR is illustrated by the blots of [Figure 6A](#F6){ref-type="fig"}; the data from all experiments are quantified in [Figure 6B](#F6){ref-type="fig"}. Decreasing 14-3-3β reduced the expression of both immature and mature CFTR bands (B and C) on average by ∼70 and ∼55%, respectively. The expression of β-actin was monitored as control. The large effect of 14-3-3β knockdown, despite endogenous expression of the γ and ε isoforms, is likely due to two factors: 1) 14-3-3γ did not participate in CFTR regulation---unlike β and ε, its expression did not increase CFTR level, and phosphorylation did not enhance its interaction with CFTR---and 2) 14-3-3β and ε form an obligatory heterodimer ([@B29]), a property that will be discussed in more detail later.

![14-3-3β knockdown decreases CFTR expression and stimulated anion efflux. (A) CFTR expression level. Control and 14-3-3β siRNAs were obtained as SMART-pool reagents (Dharmacon, Lafayette, CO), as described in [@B30]. (B) Quantitation of data from three experiments, normalized to the control CFTR levels. Reduced 14-3-3β expression (∼90%) decreased steady-state CFTR band B (∼70%) and band C (∼55%); the control siRNA had no effect. (C) 14-3-3β knockdown reduced CFTR detected by biotinylation of the surface membranes of Calu-3 cells, performed as described in *Materials and Methods*. The data are representative of two such experiments. (D) 14-3-3β knockdown reduced CFTR-mediated anion efflux. HEK293 cells seeded onto glass coverslips were transiently transfected with CFTR, and 14-3-3β siRNAs or empty vector (control). After 48 h, SPQ assays of forskolin plus IBMX-stimulated iodide efflux were performed as described in *Material and Methods*. The stimulation-induced increase in slope was reduced ∼70% by 14-3-3β knockdown, similar to the reduction in CFTR expression level. Data are mean ± SE from two independent experiments performed on 44--47 cells for each.](996fig6){#F6}

Next we evaluated the effect of 14-3-3β knockdown on total and cell surface CFTR in the airway cell line, Calu-3, shown earlier to express the β, γ, and ε isoforms (Supplemental Figure S2B). As shown in [Figure 6C](#F6){ref-type="fig"}, reduced 14-3-3β decreased both total and plasma membrane CFTR, consistent with the findings from HEK293 cells.

To determine whether the reduction in cell surface CFTR affects channel function, we measured the effect of 14-3-3β knockdown on CFTR- and cAMP-dependent anion efflux across the plasma membranes of HEK293 cells, using the halide-sensitive fluorescence indicator 6-methoxy-*N*-(3-sulfopropyl)quinolinium (SPQ; [Figure 6D](#F6){ref-type="fig"}). In cells expressing CFTR alone, we noted the anticipated upward deflection in the time course of fluorescence intensity upon addition of forskolin plus 3-isobutyl-1-methylxanthine (IBMX). This response reflects dequenching of SPQ, which is associated with cAMP/PKA-stimulated iodide efflux from iodide-preloaded cells. This response was reduced ∼70% in cells following 14-3-3β knockdown. These findings are consistent with the similar effect of reduced 14-3-3β on the expression of CFTR protein and indicate that the mature CFTR detected biochemically and at the plasma membrane ([Figure 6D](#F6){ref-type="fig"}) is functional.

14-3-3β interacts with the R region and N-terminus of CFTR
----------------------------------------------------------

The results from coimmunoprecipitation experiments indicated that CFTR and 14-3-3 interact in vivo ([Figure 3](#F3){ref-type="fig"}). To evaluate CFTR domain interactions with 14-3-3 proteins, we performed pulldown experiments using glutathione-*S*-transferase (GST alone or GST-CFTR domain fusion proteins incubated with Calu-3 cell extracts; [Figure 7A](#F7){ref-type="fig"}). In this study, the GST fusion proteins included CFTR N-terminus, C-terminus, and R region; GST-syntaxin 1A served as a control. The results show that 14-3-3β interacted significantly with the CFTR N-terminus and the nonphosphorylated R region, whereas no significant binding was detected between the 14-3-3β isoform and GST, GST-CFTR C-terminus (GST-C), GST-CFTR N-terminus (GST-N) random, or GST-syntaxin 1A.

![14-3-3β interaction with the CFTR R region. (A) In vitro pairwise binding of 14-3-3β with CFTR domains. The indicated bead-immobilized GST-CFTR domains or GST-syntaxin 1A fusion proteins were prepared as described in *Material and Methods* and incubated with Calu-3 cell extracts. After washing, samples were resolved on 12% SDS--PAGE and detected using anti--14-3-3β, which interacted directly with the N-terminus and nonphosphorylated R region of CFTR. (B) ^1^H^15^N correlation spectra of ^15^N-labeled human 14-3-3β protein in the absence (black) and in the presence (red) of unlabeled PKA phosphorylated R region measured at 50°C. Many peaks with significant broadening are highlighted with circles (demonstrating reduced intensity, with fewer contours seen in the contour plot), and selected peaks with substantial peak shifts are marked with arrows. The differences between the two spectra provide evidence for interaction of the R region with 14-3-3β.](996fig7){#F7}

Interactions of 14-3-3 protein with multiple motifs within the R region
-----------------------------------------------------------------------

To further probe the interaction between the 14-3-3 and the R region, we monitored binding using nuclear magnetic resonance (NMR) experiments. Peaks in the ^1^H^15^N correlation spectrum for 14-3-3β are perturbed in the presence of phosphorylated R region, with some chemical shift changes and significant peak broadening observed, confirming the binding ([Figure 7B](#F7){ref-type="fig"}). The sequences of the nine PKA phosphorylation sites in the R region have some similarity to the two broadly defined consensus 14-3-3 recognition motifs ([@B21]; [Table 1](#T1){ref-type="table"}). To investigate the hypothesis that each of these PKA sites could interact with 14-3-3β, we compared the spectra of the R region in free and 14-3-3β bound states (Bozóky and Forman-Kay, unpublished data) and calculated the estimated relative occupancy of the bound state for each site based on the broadening of resonances for the central three residues of the binding segment ([Table 1](#T1){ref-type="table"}). Comparison of intensities in free and bound states is a useful approach to monitoring interactions of disordered proteins such as the R region ([@B3]). The results of this analysis suggest that most of the PKA sites in the phosphorylated R region have reasonable affinity for 14-3-3β, with the most broadened being the pS768, pS795, and pS813 PKA sites ([Table 1](#T1){ref-type="table"}A). The broadening observed for each site provides evidence for a dynamic complex involving an equilibrium exchange of interactions of the various sites with the 14-3-3β interface. The extent of PKA phosphorylation is nearly 100% at these sites, as determined by both NMR and mass spectrometry analysis (unpublished data). For the nonphosphorylated R region, we observed significant but reduced binding to 14-3-3β compared with the phosphorylated state, with the greatest broadening largely at residues not aligned with PKA sites or consensus 14-3-3 recognition motifs ([Table 1](#T1){ref-type="table"}B).

###### 

Analysis of R region 14-3-3β binding sites.

  Central residue of the binding motif                       Sequence                        Estimated relative occupancy of the bound state
  ---------------------------------------------------------- ------------------------------- -------------------------------------------------
  A. Interacting segments of phosphorylated R region                                         
  Mode I                                                     RXX**pS**XP                     
  Mode II                                                    RX\[SYFWTQAD\]X**pS**X\[PLM\]   
  pS660                                                      SAE**R**RN**pS**I**L**TETL      0.85
  pS670                                                      ETLHRF**pS**LEGDAP              0.39
  pS700                                                      GEK**R**KN**pS**I**L**NPIN      0.58
  pS712                                                      NSI**R**KF**pS**IVQKTP          0.83
  pS737                                                      PLE**R**RL**pS**LVPDSE          0.72
  pS753                                                      AILPRI**pS**VISTGP              0.83
  pS768                                                      QA**RR**RQ**pS**V**L**NLMT      1
  pS795                                                      AST**R**KV**pS**LAPQAN          0.98
  pS813                                                      IYS**R**RL**pS**QETGLE          0.93
  B. Interacting segments of nonphosphorylated R region^a^                                   
  S670                                                       ETLHRF**S**LEGDAP               0.54
  N706                                                       SILNPI**N**SIRKFS               0.36
  R764                                                       GPTLQA**R**RRQSVL               0.47
  L770                                                       RRRQSV**L**NLMTHS               0.56
  S809                                                       TELDIY**S**RRLSQE               0.40

Part A shows binding motifs surrounding the phosphorylation sites at which 14-3-3β interactions were observed for phosphorylated R region, compared with the consensus mode I and II 14-3-3 interaction motifs ([@B21]). Part B shows binding motifs at which 14-3-3β interactions were observed for non-phosphorylated R region. The values in both parts of the table provide estimates of the relative population of the 14-3-3 bound state for each site based on broadening of R region resonances for the three central residues of the motif (pS − 1, pS, and pS + 1 in the case of the phosphorylated motifs) due to 14-3-3 protein binding (Bozóky and Forman-Kay, unpublished data), normalized to pS768, at which the greatest broadening is observed.

^a^Note that these nonphosphorylated segments likely also bind in the context of the PKA phosphorylated state of the R region, but they compete with the stronger-binding phosphorylated segments.

14-3-3 binding competes with CFTR--coat protein complex interactions
--------------------------------------------------------------------

The coat protein complex (COPI) was implicated in protein transport between the ER and Golgi ([@B26]; [@B48]), and prior studies of CFTR suggested an interaction with the coat protein β-COP ([@B48]). Studies of the trafficking of the dual-pore potassium channel K(2P)3.1 demonstrated that its interaction with 14-3-3β suppressed its COPI-mediated ER retention, permitting forward trafficking to the plasma membrane ([@B42]). To determine whether altered CFTR interactions with the COPI coat contribute to 14-3-3--mediated CFTR trafficking, we first asked whether CFTR and the coat complex component β-COP interact in Calu-3 cells. Coimmunoprecipitation experiments showed that these proteins were associated in vivo ([Figure 8A](#F8){ref-type="fig"}).

![14-3-3β competes for β-COPI binding to CFTR in response to cAMP/PKA stimulation. (A) β-COP interacts with CFTR. IP from Calu-3 cell lysates using HA control or CFTR immunoglobulin G, followed by IB for β-COP, demonstrates an interaction of CFTR with this COPI coat protein. (B) CoIP experiments were performed using CFTR-transfected HEK293 cells with or without forskolin stimulation (10 μM, 15 min), followed by CFTR/14-3-3β or CFTR/β-COPI coIP. The interaction of CFTR with 14-3-3β increased with stimulation, whereas that with β-COPI decreased. (C) Recovery of the β-COP interaction with CFTR, induced by 14-3-3β knockdown. Lysates from HEK293 cells transiently expressing CFTR and either 14-3-3β or scrambled siRNAs ([Figure 6](#F6){ref-type="fig"}) and treated with forskolin (10 μM, 15 min) as indicated were subjected to CFTR IP, followed by IB for 14-3-3β, β-COP, or CFTR. (D) Quantitation of the IB data from three experiments as in C. Stimulation reproduces a reciprocal relation between 14-3-3β and β-COP binding to CFTR, whereas β-COP binding returns toward control values when 14-3-3β expression is reduced. The data were normalized to 14-3-3β and β-COP intensities observed under basal conditions in the absence of knockdown. \*\*p \< 0.01.](996fig8){#F8}

Next we asked whether the interaction with β-COP was competitive with phosphorylation-dependent 14-3-3 protein binding ([Figure 3, B and C](#F3){ref-type="fig"}). CFTR coIP experiments were performed using CFTR-transfected HEK293 cells maintained under basal conditions or treated with forskolin (10 μM) for 15 min, followed by 14-3-3β or β-COPI immunoblot. The results of [Figure 8B](#F8){ref-type="fig"} show that the interaction between 14-3-3β and CFTR increased significantly with forskolin stimulation, whereas the association of CFTR with β-COPI was reduced.

Another test of this reciprocal interaction was performed using 14-3-3β knockdown experiments. As earlier, 14-3-3β expression was reduced in HEK293 cells transduced to express CFTR, and the cells were either treated with forskolin for 15 min or maintained in the basal state. CFTR was immunoprecipitated from cell lysates and the IPs blotted for 14-3-3β or β-COP. Under nonstimulated conditions, the interaction of CFTR with β-COP was not influenced by 14-3-3β knockdown. Stimulation by forskolin again reduced the interaction of CFTR with β-COPI, but this interaction returned to control levels when 14-3-3β expression was reduced. These findings support the idea that CFTR is retained in the ER via COPI-mediated retrograde trafficking and that phosphorylation-dependent binding of 14-3-3 proteins suppresses CFTR\'s interaction with COPI to facilitate its forward transport.

DISCUSSION
==========

The results of this study indicate that the posttranscriptional biogenesis of CFTR is phosphorylation dependent. Thus they imply a role for the regulatory factors that control CFTR channel activity in determining also the amount of CFTR available for anion and fluid secretion. CFTR levels were increased by cAMP/PKA stimulation and blocked by the PKA inhibitor H-89. These effects were associated with PKA-mediated phosphorylation of sites within CFTR\'s R region and their interaction with 14-3-3 proteins. Because CFTR transcription is regulated by upstream cAMP response elements ([@B32]; [@B46]; [@B31]; [@B27]), both transcriptional and posttranslational mechanisms provide for stimulation-dependent CFTR production.

14-3-3 protein specificity
--------------------------

Recent findings highlight the significance of isoform specificity in the actions of 14-3-3 proteins, which interact with their substrates as dimers with two potential binding sites for target protein(s) ([@B1]; [@B63]). The basis of 14-3-3 substrate selectivity may lie in the preference of the dimer binding cleft for specific phosphopeptide motifs ([@B64]) or in structures peripheral to the binding core, the least conserved regions among the 14-3-3 isoforms ([@B6]). 14-3-3β, γ, and ε were the predominant isoforms expressed in HEK293 cells and in Calu-3 and primary HBE airway cells. A selective role of 14-3-3β and ε in CFTR biogenesis emerged from experiments in which isoform overexpression increased steady-state CFTR protein levels ([Figure 4, A and B](#F4){ref-type="fig"}), and this specificity was preserved when their phosphorylation-dependent interactions with CFTR were examined ([Figure 4D](#F4){ref-type="fig"}). Although 14-3-3γ was expressed at levels similar to those for β and ε, this isoform did not play a role in enhancing CFTR expression.

The physiological significance of these interactions was verified by 14-3-3β knockdown, which reduced total and cell surface CFTR and led to a corresponding reduction in cAMP/PKA-stimulated anion efflux. In view of the similar actions of 14-3-3β and ε, it may seem curious that the knockdown of 14-3-3β alone markedly reduced CFTR expression level and regulated anion efflux. However, this finding is consistent with the solved crystallographic structures of 14-3-3β and ε mixtures, which contained \>95% β/ε heterodimers ([@B66]), and with our prior coIP studies, showing that the IP of either isoform quantitatively depleted the other isoform from lysates of cells endogenously expressing β and ε ([@B29]). Thus heterodimer formation accounts for the effect on CFTR levels of 14-3-3β knockdown alone, as we observed previously for the regulation of apical membrane ENaC density ([@B29]).

Phosphorylation-dependent 14-3-3 interactions in CFTR biogenesis
----------------------------------------------------------------

Both phosphorylation-dependent and -independent modes of 14-3-3 binding have been implicated in protein progression along the early secretory pathway ([@B54]). CFTR was associated with 14-3-3 proteins under both basal and stimulated conditions, and the NMR data shows binding of 14-3-3β to both phospho and nonphospho states of the R region, implying that both types of interactions may be involved in determining the fate of CFTR. The present study focuses primarily on the regulation of CFTR expression by its PKA-mediated phosphorylation. Prior evidence of phosphorylation-regulated forward trafficking of cargo proteins includes the presence of PKA in the ER and its stimulation of hERG K channel progression to the cell surface ([@B55]). PKA also plays a role in the ER exit of other channels and receptors ([@B25]; [@B20]; [@B39]), including the KCNK and ROMK1 potassium channels ([@B42]; [@B41]).

Physical interactions with 14-3-3 proteins formed the basis of the stimulation-induced increase in CFTR levels ([Figure 1](#F1){ref-type="fig"}), since 1) cAMP/PKA stimulation increased the ability of 14-3-3β to coIP CFTR ([Figure 3C](#F3){ref-type="fig"}), 2) stimulation enhanced the ability of CFTR to associate with 14-3-3β and ε ([Figure 4D](#F4){ref-type="fig"}), and 3) NMR studies showed that PKA-induced phosphorylation of known phospho sites within the R region increased the interaction of these sites with 14-3-3β ([Table 1](#T1){ref-type="table"}). Although this analysis implicated most of the recognized R region phospho sites in phosphorylation-dependent 14-3-3 binding, the relative population of the 14-3-3 bound state was particularly high for binding sequences in its C-terminus ([Table 1](#T1){ref-type="table"}). Mutation analysis of CFTR\'s phospho sites demonstrated their redundant contributions to the channel activation process ([@B7]; [@B65]; [@B15]), and a similar phenomenon is likely to apply in attempts to define the sites responsible for the phosphorylation-dependent 14-3-3 interactions in CFTR biogenesis. Therefore a mutation analysis of these sites was not undertaken at this time.

The exchanging engagement of multiple CFTR R region PKA sites on the two binding surfaces of the 14-3-3 dimer is an example of a dynamic complex involving intrinsically disordered proteins ([@B59]; [@B34]). These flexible proteins, which lack stable folded structure, including the CFTR R region, are highly charged, are depleted in hydrophobic residues, and contain numerous sites of posttranslational modification, particularly phosphorylation. Intrinsically disordered proteins are increasingly recognized to play critical roles in mediating regulatory protein interactions, in which they can undergo disorder-to-order transition upon binding in some cases but in others can remain highly mobile within the context of dynamic complexes such as proposed for the R region: 14-3-3 interaction. The interaction of the R region with NBD1 was also suggested to share this dynamic character, with multiple segments of the R region binding to NBD1 in a manner believed to transiently stabilize helical structure ([@B3]). The interaction of 14-3-3 with the R region, in contrast, is likely to involve extended structure for the R region PKA sites bound to each of the 14-3-3 interfaces, as observed for numerous crystal structures of peptide complexes of 14-3-3 proteins ([@B66]; [@B37]; [@B51]). Such plasticity in binding is typical of disordered proteins, as observed for a disordered segment of p53 ([@B44]).

The interacting PKA sites within the R region have a phosphoserine that matches the 14-3-3 consensus binding motifs ([Table 1](#T1){ref-type="table"}); however, they do not otherwise agree well with the consensus sequences, suggesting that each site would interact weakly. The significant binding observed, with a *K*~d~ value of ∼5 μM (Bozóky and Forman-Kay, unpublished data), is thus likely due to synergistic interactions of the nine sites with two sites interacting at any given time, reminiscent of the dynamic interaction of multiple phosphorylated Sic1 motifs ([@B36], [@B35]). The dynamic character of R region binding to 14-3-3 likely facilitates its rapid interactions with other partners or domains. Of importance, the binding of R region to 14-3-3 shifts the equilibrium away from its intramolecular partners, including NBD1, an interaction believed to be inhibitory to NBD heterodimer formation. Although critical for channel function, NBD heterodimer formation may also enhance folding efficiency, synergizing with other roles of 14-3-3 in processing.

The R region is believed to play a pivotal role in the stability of CFTR during its biogenesis. On the basis of the use of C-terminal CFTR truncations to mimic translation intermediates, N-terminal CFTR fragments lacking the R region were unstable, and they were associated with chaperones, reducing their aggregation ([@B56]; [@B33]). Once the R region was added, however, chaperone interactions were reduced, and the nascent protein became more stable.

The present findings suggest that 14-3-3 protein interactions contribute to this stability. Indeed, newly synthesized WT and ΔF508 CFTR disappeared more slowly in cells expressing 14-3-3β, consistent with protection from degradation and an increased efficiency of immature-to-mature CFTR conversion ([Figure 5](#F5){ref-type="fig"}). The significant increases in WT and ΔF508 CFTR synthesis observed during pulse labeling suggest that 14-3-3 proteins affect CFTR biogenesis at an early stage, likely during translation and/or domain folding and assembly.

Non--phosphorylation-dependent interactions with 14-3-3 proteins
----------------------------------------------------------------

Protein interactions and increased CFTR levels with 14-3-3 co­expression were observed also in the absence of cAMP/PKA stimulation, as evidenced by 1) increases in steady-state levels of CFTR ([Figure 4A](#F4){ref-type="fig"}), 2) pulse-chase studies, demonstrating enhanced CFTR biogenesis (at steps discussed above), 3) 14-3-3 interactions with full-length CFTR in vivo and with its R region and N-terminus in vitro, and 4) NMR-based identification of 14-3-3β association with sites in the nonphosphorylated R region. In addition, 14-3-3 knockdown reduced steady-state CFTR expression and regulated anion efflux, implying an interaction between these proteins in the basal state.

14-3-3β and the CFTR N-terminus interacted in vitro. Previous studies implicate the N-terminus as a region important for normal, ER-based CFTR processing, and they suggest that its interactions with the R region facilitate CFTR biogenesis and function ([@B53]; [@B14]). The N-terminal truncations of CFTR were poorly processed, and several N-terminus disease mutations are processing mutants. This region may contribute to non--phosphorylation-dependent 14-3-3 protein interactions that affect CFTR expression and stability.

Riordan, Amaral, and coworkers ([@B16]; [@B49]) described four arginine-framed tripeptide (AFT) motifs (RXR) that contributed to the ER retention of CFTR. Two of these lie in NBD1, one in the R region, and one at the N-terminus. Concerted mutations of all four AFT motifs in ΔF508 CFTR led to its export from the ER, suggesting that these sites play a role in CFTR retention and degradation. These retention motifs were discovered originally in another ABC protein-related ion channel, the Kir6.2/SUR (sulfonylurea receptor) complex, which comprises the ATP-sensitive K channel of pancreatic beta cells. In this system, 14-3-3 proteins interact with RXR motifs without a requirement for cargo protein phosphorylation ([@B68]; [@B18]).

In addition to the RXR site at the N-terminus, the AFT motif in the R region overlaps with the phosphorylation site at S768, which showed 14-3-3β--dependent broadening of the NMR spectrum in both the presence and absence of cAMP/PKA-induced phosphorylation. S768 has been characterized as a phosphorylation site that is inhibitory to CFTR activity ([@B65]; [@B60]; [@B10]), and it has been linked to inhibition of CFTR by AMP-activated protein kinase ([@B22]). The role of this site in CFTR progression and whether 14-3-3 antagonizes the inhibitory action of AMPK require additional study.

Mechanisms for 14-3-3--dependent regulation of CFTR biogenesis
--------------------------------------------------------------

Many misfolded or incompletely assembled multidomain proteins are retained in the ER via interactions with COPI components ([@B54]). The K channel literature indicates that strategies to avoid retrograde transport and degradation elicited by interactions with COPI include 1) the burying of arginine-framed ER retention motifs (RXR) by intramolecular shielding, due to protein folding or subunit assembly, and 2) the shielding of retention motifs due to 14-3-3 protein binding, with or without cargo protein phosphorylation ([@B4]; [@B68]).

In addition to AFT motifs, retrograde trafficking to the ER may involve recognition of cytoplasmic dibasic or tribasic "retrieval" motifs (i.e., KKXX, K(X)KXX, or KRK) on cargo proteins by the COPI coat ([@B58]; [@B2]), and they also involve mutually exclusive COPI or 14-3-3 protein binding ([@B25]; [@B62]). [@B42]) identified 14-3-3 binding motifs in a number of proteins that are subject to ER retention via dibasic signals, suggesting that this is a general method for regulating protein exit from the ER. CFTR contains sites that could function as dibasic retrieval signals.

Our findings suggest that CFTR forward transport is regulated, at least in part, by competitive 14-3-3 protein and COPI subunit interactions. The mechanism involves CFTR phosphorylation, which leads to 14-3-3 protein binding at sites within the R region and competition with COPI coat protein binding to reduce CFTR retrieval to the ER. This presumably accounts for cAMP/PKA-mediated stimulation of CFTR biogenesis. An alternative mechanism by which 14-3-3 proteins may regulate CFTR expression involves phosphorylation-independent 14-3-3 binding, perhaps to CFTR\'s AFT motifs, and this would resemble the process of Kir6.2 forward transport.

These processes also influence the production of ΔF508 CFTR, and yet modulation of this pathway was not sufficient to produce mutant CFTR maturation. Despite the increase in throughput, downstream quality control elements ultimately prevented maturation of the mutant protein. Nevertheless, manipulation of these processes, perhaps via activation of the cAMP/PKA pathway, might increase the efficacy of small-molecule correctors designed to improve the transit of ΔF508 CFTR to the cell surface.

MATERIALS AND METHODS
=====================

Antibodies
----------

Polyclonal antibodies specific for 14-3-3 isoforms were purchased from Santa Cruz Biotechnology (Santa Cruz, CA), as follows: β (A-15), γ (C-16), and ε (T-16); their isoform specificity was previously validated ([@B30]). The polyclonal pan--14-3-3 (K-19) and anti-CD4 (sc-7219) antibodies were also from Santa Cruz Biotechnology. Mouse monoclonal antibodies to CFTR were obtained from Millipore (M3A7; Billerica, MA) or (596 and 217 from Cystic Fibrosis Foundation Therapeutics, Bethesda, MD). Antibodies to β-COPI, β-actin, the HA epitope, and GFP were obtained from Sigma-Aldrich (St. Louis, MO). Secondary antibodies against mouse or rabbit were obtained from GE Healthcare (Piscataway, NJ).

Cell culture
------------

Calu-3 cells were cultured as described ([@B57]). HEK293 cells were cultured in DMEM (Sigma-Aldrich) with 10% fetal bovine serum, 4 mm [l]{.smallcaps}-glutamine, and penicillin--streptomycin and passaged every 3--4 d. Human bronchial epithelia (HBE) cells were obtained as excess pathological tissue following transplantation and organ donation under a protocol approved by the University of Pittsburgh Institutional Review Board. Polarized epithelia were cultured on human placental collagen-coated Costar Transwell filters (3470; 0.33 cm^2^, 0.4-μm pore; Lowell, MA) in 2% Ultroser G medium as previously described ([@B40]) and harvested after culture at an air--liquid interface for 4--6 wk.

RNA expression
--------------

Total RNA was extracted from Calu-3 and HEK293 cells and reverse transcribed to single-stranded cDNA as described previously ([@B30]). Semiquantitative RT-PCR was performed to analyze gene expression using 20 pmol of specific primers for 14-3-3 isoforms or β-actin. Primer sequences and PCR conditions are provided in our previous work ([@B30]).

Transient transfections
-----------------------

HEK293 cells grown in 60-mm dishes were transiently transfected using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) with the indicated pcDNA3 or pcDNA3.1 expression plasmids, 4 μg of cDNA/dish. For the transfections with 14-3-3 or control siRNAs, 100 pmol of siRNA was used for 5 × 10^5^ cells in 2 ml of culture medium. After 24 h, the cells were rinsed with phosphate-buffered saline and either prepared for pulse-chase assays or lysed in RIPA buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, and 0.1% SDS) or Nonidet P-40 lysis buffer (0.09% NP-40, 50 mM Tris-HCl, pH 7.4, 150 mM NaCl, and 10 mM NaMoO~4~). Samples were incubated for 2 h in the appropriate lysis buffer and centrifuged at 16,000 × *g* for 30 min at 4°C. Cell extracts were used for immunoblot analysis.

Plasmid constructs and protein expression
-----------------------------------------

cDNAs encoding GST-CFTR R-domain, GST-N, and GST-C were described previously ([@B69]). GST-CFTR-N random was constructed as GST-N, except for a one-nucleotide shift in the reading frame, which yields a different amino acid composition; its net charge and size are comparable to those of CFTR-N. Purification and dialysis of GST fusion proteins were performed as described ([@B57]).

Proteins for NMR were expressed in BL21(DE3) CodonPlus (RIL) cells (Stratagene, Santa Clara, CA). The human CFTR R region (654--838; F833L) was expressed from a pPROEX HTb vector (Invitrogen) with an N-terminal hexahistidine tag and purified as described previously ([@B3]). (Note that the F833L polymorphism yields an R region that is significantly more soluble.) Human 14-3-3β protein encoded on a pET--small ubiquitin-related modifier (SUMO) plasmid (Invitrogen) was purified from the soluble fraction using a buffer of 50 mM Tris-HCl, pH 7.5, 200 mM NaCl, 2% (wt/vol) arginine, and 10 mM mercapthoethan-2-ol. The purification involves Ni^2+^ affinity chromatography, followed by SUMO protease cleavage and a second Ni^2+^ affinity chromatography, with a final size exclusion chromatography on a Superdex 200 column (Pharmacia, GE Healthcare Bio-Sciences, Piscataway, NJ). R region phosphorylation was performed using 40 μM R region with 100 U/ml cAMP-dependent protein kinase catalytic subunit (New England BioLabs, Ipswich, MA) in a buffer of 50 mM Tris-HCl, pH 7.5, 20 mM MgCl~2~, 10 mM ATP, and 2 mM dithiothreitol for 2 h at 37°C, followed by HPLC purification on a C4 prep column (Phenomenex, Torrance, CA) to separate fully phosphorylated R region from partially phosphorylated protein. The phosphorylation state of the R region was verified by mass spectrometry.

Immunoblot analyses
-------------------

Equal amounts of protein from either FSK-treated or nontreated HEK293 cells, or the immunoprecipitates described previously, were resolved by 10% SDS--PAGE and transferred to poly­vinylidene fluoride membranes. Unbound sites were blocked for 1 h at room temperature with 5% (wt/vol) skim milk powder in TBST (10 mM Tris, pH 8.0, 150 mM NaCl, 0.05% Tween 20). The blots were incubated with primary antibodies (anti--14-3-3 isoform, each 1:2000; anti-CFTR 217, 596, each 1:5000; anti-GFP, 1:4000; anti-CD4, 1:2000; anti--β-COPI, 1:1000; or anti--β-actin, 1:3000) at room temperature for 2 h. The blots were then washed three times for 10 min each with TBST and incubated for 1 h with 2 μg/ml horseradish peroxidase--conjugated secondary antibodies (1:1000; Amersham-Pharmacia Biotech, GE Healthcare Bio-Sciences, Piscataway, NJ) in TBST with 5% milk, followed by three TBST washes. The reactive bands were visualized with enhanced chemiluminescence (PerkinElmer Life Sciences, Wellesley, MA) and exposed to x-ray film (Eastman Kodak, Rochester, NY). β-Actin expression provided an internal control.

Cell surface biotinylation
--------------------------

Plasma membrane protein biotinylation was performed on HEK293 cells transiently cotransfected with CFTR and 14-3-3β or 14-3-3β siRNA. Prior to Calu-3 cell biotinylation by the same procedure, the siRNA was introduced by electroporation (BTX ECM 830; Harvard Apparatus, Holliston, MA). All assay procedures were performed on ice using ice-cold solutions. Cells were washed with phosphate-buffered saline with agitation, to remove growth media. The membranes were biotinylated using 1.5 mg/ml S-S-biotin (Pierce Chemical Co., Rockford, IL) in borate buffer (85 mM NaCl, 4 mM KCl, 15 mM Na~2~B~4~O~7~, pH 9) for 30 min. Labeling was quenched by adding a double volume of fetal bovine serum--containing medium. The cells were then washed three times with PBS with agitation and harvested. Cells were lysed in 0.4% deoxycholic acid, 1% NP-40, 50 mM ethylene glycol tetraacetic acid, and 10 mM Tris-Cl, pH 7.4, for 15 min. The protein concentration of the postnuclear supernatant was determined, and 300 μg of protein was combined with a streptavidin bead slurry (Pierce Chemical Co.) and incubated overnight at 4°C. Samples from the streptavidin beads were carefully washed three times in lysis buffer, solubilized with Laemmli sample buffer, separated on 5% SDS--PAGE, and blotted for CFTR.

Pulldown assays and coimmunoprecipitation
-----------------------------------------

A 10-μg amount of GST fusion protein was incubated with 20 μl of preequilibrated glutathione--Sepharose 4B beads in 200 μl of DIGNAM-D buffer containing 0.1% bovine serum albumin at 4°C for 1 h ([@B69]). Calu-3 membrane fractions were added, and the incubation was continued for an additional 2 h at 4°C. After five washes with DIGNAM-D buffer, samples were resuspended in 30 μl of 2× SDS sample buffer, boiled for 2 min, resolved on 12% SDS--PAGE, and probed with anti--14-3-3β antibody (1:2000). Coimmunoprecipitation was performed as described ([@B57]). In brief, protein assays (bicinchoninic acid; Pierce Biotechnology, Rockford, IL) ensured that equivalent amounts of protein were used for Western blot analysis and immunoprecipitation. Precleared cell lysates (∼1 mg of protein) were mixed with the appropriate primary antibodies for 1.5 h at 4°C in lysis buffer (0.4% deoxycholate acid, 1% NP-40, 50 mM EDTA, 10 mM Tris--HCl at pH 7.4). Twenty-five microliters of washed protein A-- or G--Sepharose beads was added to each sample and incubated 1 h at 4°C with gentle rotation. Immunocomplexes were washed with lysis buffer four times and precipitated by centrifugation at 12,000 × *g* for 10 s. The immunocomplexes were resuspended in SDS sample buffer and subjected to immunoblotting (see later discussion). Controls for the immunoprecipitations were performed using a concentration of HA antibody equal to that of the primary precipitating antibody. Ten percent of the protein extract used in the immunoprecipitation was loaded for subsequent immunoblot.

Pulse-chase and immunoprecipitation
-----------------------------------

Cells were starved for 30 min in methionine-free, α-modified Eagle\'s medium (α-MEM; Invitrogen) before being radiolabeled for 30 min in the same medium supplemented with 150 μCi/ml EasyTag Express ^35^S protein labeling mix (PerkinElmer). During the chase periods (0, 0.5, 1, 2, and 4 h), the labeling medium was replaced by α-MEM supplemented with nonradioactive methionine (1 mM; Sigma-Aldrich). Cells were then lysed in radioimmunoprecipitation assay (RIPA) buffer (1 ml) containing deoxycholic acid (1% wt/vol; Sigma-Aldrich), Triton X-100 (1% vol/vol; GE Healthcare Bio-Sciences), SDS (0.1% wt/vol; Invitrogen), Tris (50 mM, pH 7.4; Sigma-Aldrich), and NaCl (150 mM). CFTR protein was immunoprecipitated as described ([@B12]) after centrifugation of samples at 14,000 × *g* for 30 min at 4°C. To detect CFTR, the supernatant was incubated overnight with 1 μg of each of the anti-CFTR monoclonal antibodies 596 and 217 at 4°C with protein G--agarose beads (25 μg, Roche, Indianapolis, IN). Beads were washed four times using RIPA buffer (1 ml) and protein eluted for 1 h at room temperature with cracking buffer (40 μl) containing dithiothreitol (0.5 mM, Sigma-Aldrich), bromophenol blue (0.001% wt/vol), glycerol (5% vol/vol), SDS (1.5% wt/vol), and Tris (31.25 mM), pH 6.8. Samples were separated electrophoretically on 7% vol/vol polyacrylamide gels. Then, gels were prefixed (methanol \[30% vol/vol\] and acetic acid \[10% vol/vol\]) for 30 min, washed thoroughly in water, and soaked in salicylic acid (1 M) for 1 h. After drying at 65°C under vacuum for 1 h, gels were exposed to x-ray film (Kodak BioMax MR film). Fluorograms of gels were digitized, and integrated peak areas were determined using ImageQuant 7.0 software (GE Healthcare Bio-Sciences).

SPQ fluorescence assays
-----------------------

SPQ halide efflux assays were performed on HEK293 cells as described previously ([@B8]; [@B52]). In brief, the iodide-sensitive fluorescent indicator SPQ (Molecular Probes, Eugene, OR) was introduced into HEK293 cells in a hypotonic solution of iodide buffer (in mM: 130 NaI, 4 KNO~3~, 1 Ca(NO~3~)~2~, 1 Mg(NO~3~)~2~, 10 glucose, and 20 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, pH 7.4, diluted 1:1 with water) and containing a final concentration of 10 mM SPQ. Cells were loaded for 20 min at 37°C in a humidified chamber with 5% CO~2~. The SPQ-loaded cells were then mounted on a Diaphot 300 inverted microscope (Nikon, Melville, NY) with a 37°C heated stage and perfused with iodide buffer while regions of interest were for chosen for GFP and non-GFP--expressing cells using Simple PCI, version 5.1, software (Compix Imaging Systems, Cranberry, PA). The GFP signal intensity varied from cell to cell; therefore, for SPQ fluorescence data collection, three cell populations were chosen, based on GFP expression levels as estimated by visual inspection of the cells. Changes in CFTR-mediated SPQ fluorescence were monitored at 445 nm in response to excitation at 340 nm during perfusion at 37°C in nitrate buffer (NaI replaced with 130 mM NaNO~3~) for 3 min without forskolin and then for 8 min with 10 μM forskolin added. The slopes or single-exponential rate constants were calculated using SigmaPlot, version 7.1 (Systat Software, Chicago, IL), for each mean fluorescence trace generated from the \>50 cells examined per population per coverslip.

Statistical analysis
--------------------

Data were obtained from experiments performed two to four times, and values are presented as mean ± SD or SEM as indicated. The p values were calculated by analysis of variance, followed by unpaired *t* test, as appropriate. Pulse-chase data were analyzed by comparing degradation rates (slopes of regression lines) by Student\'s *t* test. On a regression modeling procedure, the slope follows a *t* distribution ([@B24]; [@B17]). Therefore the slopes of two straight lines can be compared using a *t* distribution with n~1~ + n~2~ − 4 degrees of freedom, where n~1~ and n~2~ are the numbers of points used on the regression procedure in groups 1 and 2, respectively. Differences between groups of data were considered statistically significant when p \< 0.05.

NMR measurements
----------------

All NMR data (heteronuclear single-quantum correlation and HNCO triple resonance experiments) were collected on a Varian Inova 800-MHz spectrometer at 10 or 50°C with a triple-resonance probe. Recorded data were processed using NMRPipe ([@B11]) and analyzed using Sparky ([www.cgl.ucsf.edu/home/sparky](http://www.cgl.ucsf.edu/home/sparky/)). Experiments were carried out at 300 μM concentration in the absence and presence of the partner, from the R region perspective, in a buffer of 50 mM Tris-HCl, pH 7.50, 150 mM NaCl, 2 mM dithiothreitol, and 10% (vol/vol) D~2~O and, from the 14-3-3β perspective, in a buffer of 125 mM KH~2~PO~4~, pH 6.80, 125 mM KCl, 0.5 mM Tris(2-carboxyethyl)phosphine hydrochloride, and 10% (vol/vol) D~2~O.
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